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The orthoconic antiferroelectric Sm Cj phase is of high potential for electro-optic
applications. Therefore, mixtures of calamitic molecules possessing the Sm C*
phase with high tilt angle (© ~45°) and bent core compounds have been prepared.
The induction of an antiferroelectric phase has been found even at low concentra-
tions of the banana shaped dopants (5—10 mol%), what has been shown by optic,
electro-optic and dielectric investigations. In systems where the host materials pos-
sessed the cholesteric and ferroelectric phases, the iso-N*-Sm C*-Sm C}-crystal
phase sequence has been observed. New materials with perfluorinated end chains
exhibiting the Sm A-Sm C* phase transition have shown antiferroelectric phases
enveloping the Sm C* phase when doped with biphenyl based bent molecules.

The tilt angle of the host material remained almost unchanged, i.e. in the case
where the host compound possessed a tilt of 45° doping with bent core molecules
led to the formation of the orthoconic antiferroelectric liquid crystal.
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I. INTRODUCTION

Smectic liquid crystals with antiferroelectric phases, in particular
materials with tilt angle of 45° are of high interest because of their
potential use in fast electro-optic light modulators. Recently, Dhave
et al. showed, that the antiferroelectric (Sm C}) phase when posses-
sing 45° tilt angle gives rise to the observation of a totally black ground
state in surface stabilized planar oriented geometries [1].

Achiral bent core liquid crystals, often called banana shaped, have
the advantage of high polarizations (Ps up to 1000 nC/cm™?) and high
hyperpolarizabilites leading to strong second harmonic generation
[2,3]. Unfortunately it is difficult to align the banana liquid crystals.
Only in the case they possess higher temperature phases different from
the usual SmCP [4] phases, a more uniform alignment can be achieved.

Recently, Goérecka et al. [5,6] showed that, in principle, the ferro-
electric (Sm C*) phase of calamitic liquid crystals goes over to the anti-
ferroelectric (Sm C}) phase when doping with small amounts of bent
core liquid crystals. The materials used in their study possessed a
direct isotropic—Sm C* phase transition.

Starting from this point we tried to find out whether it would be
possible to induce the antiferroelectric order even in systems with (1)
calamitic molecules showing the cholesteric N*/Sm A*-Sm C* phase
sequence and (2) possessing high optical tilt angles ® ~ 45° what would
be ofhigh interest regarding applications. Thus we investigated systems
of different calamitic Sm C* liquid crystals doped with banana shaped
compounds. In this contribution the results of dielectric spectroscopy,
detailed optical and electro-optical investigations are presented.

Il. MATERIALS AND EXPERIMENTAL

The phase transition temperatures of both, pure compounds as well as
mixtures, were determined by textural observations using transmitted
light polarizing microscope (Leitz SmPolLux) equipped with photo-
diode and CCD camera and also by differential scanning calorimetry
(Perkin—Elmer DSC 7).

All pure calamitic compounds (designated as hosts H1-H4) possess
the Sm C* phase with very high tilt angles (40° < 0 < 45°). The banana-
shaped compounds (designated as dopants D1-D5), except compound
D3, show the typical SmCP phases with tilt angles up to 35°. Table 1
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TABLE 1 Chemical Structures of Calamitic Host (H1-H4) and Bent-Core
Dopant (D1-D5) Materials

name chemical structure and temperature of phase transitions

H1 ceHﬁoooc—@—cooEH(CHg)ceHn )
cryst. 0°C 5 SmC* —107C ,N*1249C 4 iq0 [7
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cryst. —87C 5 SmC* —1%7C 5 N*187C 4454 [7]

E
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summarizes material§ structures and the polymorphisms of the pure
components under investigation.

For dielectric and electro-optic studies the investigated materials
were filled to the measuring cells (two glass plates, each covered with
conductive (ITO) and planar aligning polymeric layers: one type KSU-
cell, Kent State University, US and the other type EHC. Co, Japan)
using capillary effects in the isotropic phase. Different cell thicknesses
(d =2, 4, 6,15 um) were used. The samples were put in a Linkam hot-
stage (type THMS 600) and the temperature was stabilized by Linkam
Controller (type TMS 91).

The dielectric spectroscopy as a function of temperature has been
carried out in the frequency range f = 100Hz—13MHz using impedan-
ce/gain phase analyzer Hewlett—Packard 4194A. The polarization
reversal current was investigated as a function of triangular voltage
from Keithley Multifunction Synthesizer (3930A) with Krohn—Hite
7500 amplifier and monitored on Gould DSO 1624 oscilloscope. The
optical tilt angle was measured using a turn-cell under square applied
electric field using the method described in literature [13].

lll. RESULTS AND DISCUSSION

In the first investigated system the host material H1 exhibited the fer-
roelectric Sm C* phase with a tilt angle 0 = 45°. Mixing with a small
amount of dopant (D1-D5) one observed induction of several smectic
C* sub-phases. Below we present polarizing micrographs (Fig. 1) taken
of one of the investigated mixtures (H1+ 5mol% D1) filled in a 2 pm

Ode 40de 50de 90de

(a)

E>Eth
(b)

FIGURE 1 Rotation of the H1 +5mol% D1 sample in 2 um planar oriented
cell (KSU-cell) between crossed polarizers at 63°C without external field (a)
and under applied electric field (b).
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FIGURE 2 Optical tilt angle of the pure H1 material (solid points) and of the
H1 +5mol% D1 mixture (open points) measured in 2 um KSU cell.

test cell and very slowly cooled under an AC electric field
(E =1-5V/um) from the isotropic phase.

After removing the electric field at a temperature T = 63°C an
almost dark texture with some defect lines was forming. Rotating
the test cell in a plane perpendicular to the propagation direction of
the polarized light, the intensity of the transmitted light was nearly
independent on the angle of rotation (Fig. 1a).

For comparison Figure 1b represents rotation of the same cell but
with electric field applied (E > Ey,, where Ey, denotes the applied
electric field necessary for switching from the antiferroelectric to
the ferroelectric state). The observed texture did not change until
the crystalline phase formed as it was detected during optical tilt
measurements (Fig. 2).

The low transmission at zero electric field, which hardly depends on
the rotation of the sample, indicates an induction of an alternately
tilted SmC} -phase with a tilt angle 0~ 45°. The assignment addition-
ally is confirmed by the electro-optic response showing tristable
switching (Fig. 3a) typical for materials with an antiferroelectric
phase [14,15] while in pure H1 material we observed bistable-
ferroelectric switching (Fig. 3c), only.

Performing dielectric measurements of the pure compound H1 a
Goldstone mode was found. There is no indication of an additional
phase transition over the whole temperature range of the Sm C*-phase.
In H1 doped with banana-shaped molecules one did not observe sup-
pression of the Goldstone mode in the ferroelectric phase. The dielec-
tric permittivity below the ferroelectric phase strongly drops down
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FIGURE 3 Optical transmittance vs. applied electric field measured in 2 pym
cell (KSU-cell) at frequency 0.02 Hz (a), 0.2 Hz (b) at 60°C for H1 +5mol% D1
mixture; and at frequency 0.02 Hz (C) at 63°C for H1 material.

even before crystallization occurs. This is pointing to an induction of
Sm Cy* and Sm C} phases (see Fig. 4). The transition to the ferroelec-
tric Sm C* phase from the lower temperature phase on heating takes
place at higher temperatures than the reverted transition on cooling.

The antiferroelectric dark state (Fig. 1a) and the tristable switching
had been observed in this hysteresis range.

5.5

| —m— heating
€ —0O—cooling
5.0

4.5

4.0+

3.5+

3.04

25 T T T T T d T d T
40 60 80 100 120
temperature /°C

FIGURE 4 Real part of the dielectric permittivity vs. temperature measured
at frequency 1kHz for H1 + 5mol% D1 mixture (15 pm, EHC cell).
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The thermal properties of the investigated mixtures also had been
studied using a calorimetric method. DSC curves for different molar
fractions of H1+ D1 mixtures on heating and one example of cooling
process are presented in Figure 5.

As can be seen from Figure 5 there are at least 5 phase transitions
indicated by separate peaks in the DSC traces. Using polarization-
optical microscopy further phase transitions had been observed and
the appropriate phases could be identified from the typical textures.
A rich polymorphism has been found. Figure 6 shows a series of micro-
graphs taken for the H1 + D1 mixture.

The investigated mixtures possess broad blue phases (Fig. 6a). In
the lower concentration range, until 10mol% of D1 dopant, TGB
phases (Fig. 6b) occurred between N* and Sm C* phases. Additionally,
dielectric spectroscopy and textural investigations point to an appear-
ance of a Sm Cuo* phase (Fig. 6¢). Textures with moving Schlierens at
constant temperatures indicates Sm C; phases (Fig. 6e). The most
important phase, the induced Sm Cj phase, had been found at low
temperatures (Fig. 6f).

A conclusive summary of all optic, calorimetric, dielectric and elec-
tro-optic investigations is outlined in a phase diagram (Fig. 7) for con-
centrations less than 50 mol% of D1.

42mole%D1

36mole%D1

20r 18mole%D1
15}
15mole%D1
10|
= 10mole%D1
E os}
= 10mole%D1
=° 0.0} “"”——ﬁ d"_—"‘"‘———“"—*
T -05F
=
1.0}
151
20 40 60 80 100 120

temperature / °C

FIGURE 5 DSC thermograms obtained on heating (solid lines) and on cooling
(dotted line) for H1 and different mol% of D1 dopant. The scan rates were
3°C/min.
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FIGURE 6 Texture series of the H1 + D1 mixtures in homeotropical oriented
sample, illustrating the textures changing on cooling from isotropic phase. The
following letters coding have been used: a) blue phase; b) TGB phase (in planar
oriented sample); c) Sm C* o phase; d) Sm C* phase; e) Sm Cy* phase; f) Sm C}
phase.

120 Py - 120
1004y | - 100
9 Re H .
D
5 80
o
(]
(o8
£ L60
8

40 cr
20 E T T T T T T T T 20
0 10 20 30 40 50
H1 mol % D1

FIGURE 7 The phase diagram for the binary system with the components H1
and D1 investigated until 50 mol% of D1.
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It has to be mentioned, that one neither noticed a phase separation
on the whole investigated molar fractions nor a direct cholesteric N*-
Sm C} phase transition. Different phases (e.g. Sm C*) or sub-phases
(Sm Cy*) always exist between N*-Sm Cj}. Moreover, in the system
H1 -+ D1 the antiferroelectric phase is present over a broad concen-
tration range of the banana-shaped dopant (C = 5-50mol% of D1).
As an example the phase sequence on heating of the 10 mol% mixture
is as follows (determined from DSC peak temperatures): cryst. (76°C)
SmCj 64.8°C SmC*yy 66.9°C SmC*yx 71.5°C SmC* 76.9°C SmC*u
79.5°C TGB 80°C N* 111.6°C BP 113.4°C iso.

Similar properties have been obtained in the second system,
where H2 has been used as the host material. The dielectric spec-
troscopy of a mixture with 4 mol%D1 also shows thermal hysteresis
like the previous one (H1+45mol% D1). In pure H2 material, simi-
lar to H1, only bistable switching was observed. In doped mixtures
(e.g. 4mol% D1) tristable switching is present. Figure 8 shows the
transmittance of a planar aligned mixture as a function of applied
voltage (f = 0.02Hz) at different temperatures. At 62°C the trans-
mittance of the light passing through the sample is typical for an
antiferroelectric material (Fig. 8a). On heating the optical hysteresis
transformed and at 75°C the hysteresis nearly vanished. At 80°C
the optical traces indicated a phase transition to the ferroelectric
phase.

In the case of H1 and/or H2 as host materials and as dopants biphe-
nyl banana-shaped molecules (D4 or D5) [3], no switching up to elec-
tric fields higher than 20 V/um occurred. When rotating the sample
between crossed polarizers, the transmittance did not change as it

T/arb units
T/ arb. units
T/arb units

4 30 20 1 0 10 20 30 40 4 30 20 10 0 10 20 30 40 4 30 20 10 0 10 20 30 40
urv urv uiv

(@ (b) (©)

FIGURE 8 Optical transmittance vs applied electric field measured in 2 pm
cell (KSU-cell) at frequency 0.02Hz and at a) 72°C, b) 85°C, ¢) 90°C for
H2 +4mol% D1.
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was observed in the case of the system H1 + 5mol% D1. Additionally,
the dielectric spectra were similar. Thus we conclude that even in this
case the Sm C} phase was formed but the threshold was too high for
switching.

In contrary using H3 or H4 as hosts doped with a small amount of
biphenyl-based dopant (D4 or D5) switching of the sample was poss-
ible. The current response obtained under application of a triangular
electric field with a frequency of 2 Hz for a mixture of H3 + 10 mol% D4
D4 is shown in Figure 9a.

One can see that in the whole temperature range the current
response exhibits two well separated peaks. The total area of the
two apparent peaks in cooling shows the typical temperature behavior
of tilted smectic phases of chiral calamitic molecules, e.g. the behavior
of the Sm Cx* phases. The calculated spontaneous polarization
(Pgmax = 240nCem™?) is about twice as high as that of the pure H3
material. In contrary, when heating the sample, the current response
shows a drop down of the spontaneous polarization in a temperature
range AT = 85-100°C (Fig. 9b). In this range the material exhibited
an optical characteristic of an almost bistable switching. Below a tem-
perature of 85°C Ps showed again increased values. A similar behavior
has already been reported for pure biphenyl based banana shaped
molecules [16].

The dielectric spectra reflect the behavior of the current responses.
As can be seen from Figure 10 in the already mentioned temperature
range (AT = 85-100°C) there is a strong increase of the imaginary part
of the dielectric constant. At higher temperatures (T > 100°C) a mode

250

200
=
2.5 100 S 150
20 k- 2
2 50 = >
515 g & 1009
£ 8
810 05
z o 8 50 et
205 = —m— heating
3 50< —o—cooling .
0.0 0
T T T T v T
0.5+ - - - - - —+ 100 70 80 90 100 110 120 130 140
001 002 003 004 005 006 007 0
time / s temperature / "C
(a) (b)

FIGURE 9 Current response (a) and spontaneous polarization (b) obtained
for H3 + 5 mol% D4 mixture.
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FIGURE 10 The imaginary part of the dielectric permittivity for H3+5
mol% D4 mixture measured on heating (15 um EHC cell).

(Ae = 0.4 at T = 114°C) was observed showing a strong temperature
dependence of the corresponding relaxation frequencies.

Assuming a simple Arrhenius behavior an activation energy of
about 80kdJ/mol was calculated.

For comparison the spectra of the pure materials are depicted, too
(Fig. 11a). The dopant D4 shows the typical behavior of the SmCgP4
phase [17,18], whereas the host possessed the spectrum of a typical
Sm C* phase with Goldstone mode (Fig. 11b).

Strikingly the temperature behavior of the observed relaxation
mode of the dopant D4 is similar to that of the mixture in the
temperature range higher than 100°C. But the absolute relaxation
frequencies are shifted to higher values when compared to the doped
material.

The system H3 + D5 showed similar properties. All other systems
(host H3 +D1, D2 and D3 and H4 + D1-D5) exhibited high dielectric
constants in the range of the tilted smectic phases (Fig. 12a).
But here a double peak in the current response to a triangular
electric field was found indicating antiferroelectric like behavior
(see Fig. 12b).
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(a) (b)

FIGURE 11 The imaginary part of the dielectric permittivity for D4 (a) and
H3 (b) compounds measured on heating (15 um EHC cell).

A / ebeyjoA pejdde

020 022 0.24 026 028

time/s
(a) (b)

FIGURE 12 The imaginary part of the dielectric permittivity (a) and current
response (a) for H4 +5mol% D1 mixture measured on cooling.

IV. SUMMARY

Different rod like materials doped with bent core molecules have been
investigated. In all combinations depending on the concentration of
the bent core dopant one found antiferroelectric-like switching beha-
vior. In particular, in the systems H1 or H2 + D1 one observed that
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the antiferroelectric phase SmC} formed at concentrations of about 5—
50mol% of the bent core dopant. Moreover the optical tilt angle
appears to be independent of the amount of the dopant what means
that the tilt angle of the host SmC* materials remains unchanged also
in the antiferroelectric phase. In particular, in a material with tilt
angle of 45° the antiferroelectric ground state possessed nearly no
change of transitivity with rotation of the sample with respect to the
crossed polarizes. Additionally, the observed thermal hysteresis of
Sm C*-Sm Cj phase transition during heating and cooling cycles
is typical for mixtures with induced antiferroelectric phases [19].
A direct N*-Sm C} phase transition had not been observed. Different
phases (e.g. Sm C*) or sub-phases (Sm Cy*) always exist between
N*-SmCj. In same cases with host H1 and biphenyl bent molecules
as dopants the threshold was too high for switching.

In systems where the host materials possessed perfluorenated end
chains (H3 or H4) a totally different electro-optic and dielectric
behavior has been found when compared to the pure host materials.
In particular textures as well as the dielectric properties resemble
those of the banana shaped dopants. One could speculate that in these
cases the system has the tendency to form bilayers thus even in low
concentration of the banana shaped dopant could be sufficient to
induce typical banana phases. In contrary, the pure hosts possessed
the Sm C* phase with Goldstone mode only.

Further investigations, i.e. detailed X-ray investigations have to be
carried out to give substantial evidence for this hypothesis.
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